ABSTRACT: Specimens of the genus Stomatochroon (Trentepohliales, Ulvophyceae) were found in leaf stomata of the fruit tree Syzygium samarangense (Myrtaceae). Phylogenetic analysis based on 18S rDNA sequences showed that Stomatochroon was closely related to Cephaleuros. The specimens were identified as Stomatochroon reniformis based on the branched internal filamentous and ovoid gametangia. However, our specimens differed from the type by having larger basal and clavate cells, a noticeable stalked gametangium, and secondary growth of the sporangiate-laterals. Consequently our taxon was described as a new variety, S. reniformis var. chinensis var. nov. We found no physiological dysfunction or host tissue hyperplasia was caused by the algal infection. The waterlogged and dead host tissue was probably caused by plugged host stomata that resulted from growth of this alga. This interpretation means this alga was an endophyte, not a parasite.
INTRODUCTION
Only a few species of green algae are known to be parasites of animals and plants (Joubert & Rijkenberg 1971) . Cephaleuros, a genus of the terrestrial green algal order Trentepohliales, is probably one of the best known plant parasites, causing red rust disease in some important economic plants in the tropics (Nelson 2008; Ponmurugan et al. 2010; Ramya et al. 2013) . Another genus of Trentepohliales, Stomatochroon B.T. Palm, is known to infect land plants but it has been far less studied.
Stomatochroon lagerheimii B.T. Palm is the generitype, and it was described in 1934 (Palm 1934) . Thompson & Wujek (1997) Thompson & Wujek. All four species grow endophytically in the substomatal chambers and through the intercellular spaces of vascular plant host leaves (López-Bautista et al. 2002) . The life history consists of alternation of heteromorphic generations (Thompson & Wujek 1997) . The sporophyte is a multicellular thallus typically consisting of internal (i.e. within the host tissue) branched filaments or a single anchoring cell and external structures usually consisting of a sterile hair and one or more clavate cells. The sporangiate-laterals are produced on clavate cells. The internal and external systems are connected by a basal cell in the substomatal chamber (Figs 1, 2) . The gametophyte consists of unicellular sterile hairs and lateral gametangia. Thompson & Wujek (1997) provided detailed descriptions of four Stomatochroon species. The main character used for species-level delimitation was the habit of the anchoring cells or internal filaments. Stomatochroon lagerheimii has a single, large, lobed anchoring cell (Printz 1939; Thompson & Wujek 1997) . The internal filament of S. coalitus is a cluster of rhizoidal lobes. The internal filaments of S. consociatus and S. reniformis are branched filaments penetrating the intercellular spaces of the venous areoles of the host venation, invading large areas of the leaf.
Species of Stomatochroon can cause pathological changes to the host leaves. Timpano & Pearlmutter (1983) reported that heavily infected leaf tissue showed some physiological dysfunction and appeared waterlogged and sun-scalded. Thompson & Wujek (1997) found that plugging of the stomata by sporangiophore apparatus was detrimental, and the infected areas appeared similar to sun-scald, possibly because infected portions of the leaf became waterlogged.
In this study, we report on collections of S. reniformis from south China and propose a new variety, S. reniformis var. chinensis. We also assessed the phylogenetic position of this alga based on 18S rDNA sequences.
MATERIAL AND METHODS
Stomatochroon samples were collected from the South China Botanical Garden (23811 0 12 00 N, 113821 0 48 00 E), Chinese Academy of Sciences, Guangdong Province, China, during the dry (24 January 2013) and rainy (28 June 2013) seasons. Lesions were studied under a dissecting microscope (Zeiss model KL1500 LCD; Carl Zeiss, Göttingen, Germany), and Stomatochroon cells were isolated using a dissecting needle. Photomicrographs were taken with a Leica DFC320 digital camera mounted on a bright-field microscope (DM5000B; *Corresponding author (liugx@ihb.ac.cn). DOI: 10.2216/14-010.1 Ó 2014 International Phycological Society Leica Microsystems GmbH, Wetzlar, Germany). Paraffin sections were made to observe the morphology of internal filaments within the host leaf tissue. For scanning electron microscopy (SEM), fragments of leaves colonized by Stomatochroon were cut into small squares under the stereoscope and fixed with a formalin-acetic acid-alcohol (FAA) solution. The squares were dehydrated through a tert-butanol series (50, 70, 90 and 100%), 15 min per step and then the squares were critical-point dried. Dried fragments of leaves were mounted on stubs, coated with gold for 30 s and observed with a Hitachi SEM (Model S-4800; Hitachi Ltd., Tokyo, Japan).
Molecular phylogenetic analyses
Gametophytes collected in January were obtained from about 10 leaves placed under a stereoscope (Zeiss model KL1500; Carl Zeiss, Göttingen, Germany) by using a dissecting needle and a superfine tweezers. About 200-300 gametophytes were obtained, rinsed in double distilled water three times, and then harvested by centrifugation. The gametangia were broken with mini beads in a beadbeater (3110BX, Biospec Products, Bartlesville, Oklahoma, USA). Total DNA was extracted using a hexadecyltrimethylammonium bromide (CTAB) method (Doyle & Dickson 1987) . Sporophytes were collected in June from about 10 leaves using superfine tweezers. About 200-300 sporangiate-laterals were obtained, rinsed in Tris-EDTA buffer (pH 8.0) three times and then transferred to a tube using a capillary pipette. Total sporophyte DNA was also extracted using the CTAB method. The universal primers 18S-F and 18S-R (Medlin et al. 1988) were used to amplify the partial 18S rDNA sequences. Double-stranded amplification of nuclear-encoded 18S rDNA was performed in a total volume of 50 ll including 2 ll of template DNA (10 ng ll À1 ), 1 lM forward primer, 1 lM reverse primer, 0.4 mM deoxynucleotide triphosphate (dNTPs), 5 mM MgCl 2 and 1.25 U Taq DNA Polymerase (DreamTaq; Thermo Fermentas, Vilnius Lithuania). The 18S rDNA sequence amplification profile consisted of a preliminary 3 min denaturing at 958C, 30 cycles of 50 s denaturing at 948C, 50 s annealing at 568C, 90 s extension at 728C and a final extension of 7 min at 728C. Polymerase chain reaction products were excised with a sterile razor blade from 1.5% TAE agarose gels stained with 50 lg mL À1 ethidium bromide. Excised products were purified by Axygen Gel Extraction Kit Ver.2.0 (Axygen Biotechnology, Hangzhou, China) according to the manufacturer's instructions. The products of purification were preserved at 48C. All products were sent to Sangon Biotech Inc., China, for sequencing. The two sequences of Stomatochroon were deposited in GenBank under accession Nos. KF706551 and KF706552. The two Stomatochroon sequences were aligned with 17 sequences of representative species of the orders Trentepohliales, which were downloaded from GenBank. Sequences of seven species of Cladophorales, Dasycladales and Bryopsidales were also included as outgroup based on phylogeny of Ulvophyceae (Cocquyt et al. 2010; Leliaert et al. 2012) . The sequences were initially aligned using ClustalX (v. 1.83) ) and refined manually in Seaview (v. 4.32) (Gouy et al. 2010) . Phylogenies were estimated using maximum likelihood (ML) in PAUP 4.0* (v. 4.0 beta) (Swofford 2002) and Bayesian inference (BI) in MrBayes (v. 3.1.2) (Huelsenbeck et al. 2001) . For both analyses, the best-fit evolutionary model general time reversible (GTR) þ I þ G was selected, following a hierarchical likelihood ratio test and Akaike information criterion with Modeltest (v. 3.06) (Posada & Crandall 1998) . For the ML analysis, a heuristic search option with random addition of sequences (100 replicates) and the tree bisection and reconnection branch-swapping algorithm were used for tree searching. Bootstrap analysis with 1000 replicates of the dataset for ML was performed to estimate statistical reliability. A Bayesian Markov chain Monte Carlo analysis was run with two Markov chains (six heated chain, one cold) for 1,000,000 generations with the chains sampled every 1000 generations. Topologies were summarized using the sumt command with the first quarter discarded as burn-in. The stationary distribution was assumed when average standard deviation of split frequencies between two runs was lower than 0.01. A 50% majorityrule consensus tree was calculated for posterior probabilities. (Fig. 8) . Sterile hairs of mature thalli unicellular with a broad basal part, gradually tapering to the tip, 34-136 lm in length (Figs 4, 7, 8, 16 and 17) . Clavate cells (also termed head cells) 17-34 3 46-118 lm, with a length/width ratio of about 4.4-11.7 (Figs 4-6 ). Growth of a new clavate cell from the old was occasionally observed, with the new cell often smaller than the old cell (Fig. 6) The variety differed from the type mainly by the size of basal and clavate cells, the noticeable stalk of gametangia and the secondary growth of sporangiate-laterals. Secondary growth of sporangiate-laterals was commonly observed, usually after the original sporangiate-lateral had discharged, and the new one was often borne at a higher position than the previous (Figs 5 and 14 ). Sporangia were globular or subglobular, 18-28.8 lm in diameter 13 and 14) . The mature sporangium had a basal papilla-pore (Fig. 5) . Many small granulations were distributed regularly and evenly on the surface of sporangia (Figs 13 and 14) . A noticeable stalk of each gametangium was easily observed. Gametangia grew in clusters on the basal cell, and occasionally solitary , reniform or ovoid, usually vividly green to orange-green, with size about 15-32 3 24-41 lm. The release pores were commonly found in polar or median positions on gametangia (Figs 15 and 16 ). Gametes and zoospores were not observed.
RESULTS

Stomatochroon
Lesions were common on the under surfaces of old leaves. Generally, the pathogen was first found on the tips and margins of leaves, and then the alga spread centrally. Lesions caused by S. reniformis var. chinensis differed with different generations and infection times. Disease spots were divided visibly into small squares by the veins. At the same stage, lesions caused by gametophytes were lighter in colour than those caused by sporophytes. Our observations showed that the spreading process included spore germination (in the substomatal chamber), penetration, growth, host tissue waterlogging and death. The appearance of symptoms on host leaves were divided into three stages: the early phase in which the host tissue showed no visible change under the stereoscope (Figs 19 and 20 24). In the early phase, examination of the pathogen by eye was very difficult, with no visible symptoms to distinguish infected from uninfected areas. The host tissue had no obvious changes such as hyperblastosis and waterlogging. However, we easily distinguished the infected areas from healthy areas at intermediate phase. In this stage, the host tissue of infected areas became yellow but without morphological change in host cells. Furthermore, there might have been some physiological dysfunction in the host tissue. At the final phase, the host tissue became brown, waterlogged and completely physiologically dysfunctional. In this stage, we found many empty gametangia, and there was no new germination of Stomatochroon on the surface of leaves, indicating that the gametes had been released and both the pathogen and host tissue appeared lifeless.
Phylogenetic analyses
The sequence obtained from gametophytes collected in January was identical to the sequence from sporophytes collected in June. The 18S rDNA alignment of 19 Trentepohliales representatives and seven outgroup taxa (species from Cladophorales, Dasycladales and Bryopsidales) was 1740 bp long, including 723 variable sites, of which 629 were parsimony informative. The ML and Bayesian analyses yielded very similar topologies (ML tree, Fig. 25 ) with the three main clades of Trentepohliales consistent with previous phylogenetic studies (Rindi et al. 2009; Nelsen et al. 2011) .
Stomatochroon and Cephaleuros formed a well-supported (95/ 1.00 for ML/BI analysis respectively) clade.
DISCUSSION
Our new variety differed from the original description of the type (Thompson & Wujek 1997) in several characteristics, including the size of basal and clavate cells, the presence of a noticeable gametangial stalk and secondary growth of the sporangiate-laterals. The size of the basal cell given in the original description was 23-27 lm in diameter, larger than ours, which was 14.5-18.6 3 17.4-24.8 lm. The size of clavate cell in the original description was 18-24 3 37-40 lm, which was smaller than our variety (17-34 3 46-118 lm).
Liu & Hu (2013) reported new observations of S. lagerheimii, also collected from south China, which mainly differs from S. reniformis in their internal thallus and shape of gametangia. One additional distinguishing character between S. lagerheimii and S. reniformis that was not mentioned in previous studies is related to the sporangial surface. In S. reniformis var. chinensis there were many small granulations distributed regularly and evenly on the sporangia surface, while S. lagerheimii has many reticulate strips. We suggest that the surface of the sporangial wall may be an important character for species-level delimitation in Stomatochroon.
Previous studies showed that Cephaleuros was monophyletic, with the closest relationship with Trentepohlia aurea Here we show that Stomatochroon is most closely related to Cephaleuros. Both genera are endophytic or parasitic on vascular plant leaves, and they exhibit heterotrichous thalli. Both Cephaleuros and Stomatochroon show strong internal filaments. Another important characteristic is that both genera share the character of erect sterile hairs. These morphological and ecological similarities support the close phylogenetic relationship.
Clustered zoosporangia located at the top of the head cells are found in S. consociatus and S. coalitus but not always in S. lagerheimii and S. reniformis (including our new variety) (Thompson & Wujek 1997) . In Cephaleuros and some species of Trentepohlia such as Trentepohlia arborum, the sporangiate-laterals always occur together on the same head cell. The secondary growth of sporangiatelaterals was usually observed in the new variety after the older sporangium had discharged, which differs distinctly from Cephaleuros and T. arborum. Liu et al. (2012) reported that sporangiate-laterals of Trentepohlia jolithus var. yajiagengensis G. Liu, Q. Zhang, H. Zhu & Z. Hu also occurred in clusters on the head cell; however, its phylogenetic position was in another main lineage of Trentepohliaceae (Fig. 25, group 1) , which included some species from genus Trentepohlia such as Trentepohlia jolithus abietina (Flotow) Hansgirg and Trentepohlia jolithus umbrina (Kützing) Bornet. We conclude that 'clustered zoosporangia' is not a good phylogenetic marker.
